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SUMMARY
Inflammatory reactions play critical roles in determining the survival or destruction of tissues after various injuries. The microvascular system is a decisive mediator of these events, but the microcirculatory aspects of anti-inflammatory therapeutic approaches are rarely investigated. We set out to examine and determine the microcirculatory effects of novel, In conclusion, the microcirculatory inflammatory changes were successfully visualized and influenced by NMDA receptor antagonist therapy and PC administration, and the secondary, harmful consequences leading to tissue destruction were also modified. The analysis of microcirculatory reactions provided an excellent tool via which the possible antiinflammatory, therapeutic efficacy of different, novel candidate molecules could be assessed objectively.
INTRODUCTION
Links between inflammation and the microcirculation
Characteristics of microcirculatory networks
The microcirculation includes the smallest blood vessels of an organ, the arterioles, capillaries and venules creating a microvascular network. This system has vital roles in transport, secretion and absorption; the microvessels carry O 2 , nutrients, metabolic end-products, mediators and hormones to and from the tissues and cells. The microcirculatory networks additionally play decisive roles in the regulation of blood flow and pressure, and the fluid content of the tissues and the body temperature are also regulated at this level.
Nevertheless, large areas of human microcirculatory biology are still unmapped, largely because of diagnostic and technical obstacles. Furthermore, the microcirculation displays many differences between species and organs, the microvascular anatomy, branching patterns, vessel densities and fine structure of capillaries may be strikingly different, and the function of the microcirculation is also highly heterogeneous.
In general, the terminal (precapillary) arterioles have an internal diameter of 15 to 20 Under normal conditions, the regulation of the microcirculation is myogenic, under metabolic or neurohormonal control (Johnson & Henrich 1975; Guslandi 1986 (Palmer et al. 1987 ) and prostacyclin, and vasoconstrictor mediators such as endothelin-1 (ET-1) (Masaki 1989 ) and platelet activating factor (Ince 2005).
Characteristics of inflammation
Inflammation is the first line of the complex protective responses to infection, irritation or cell damage by the immune system. The major distinct phases of inflammatory responses are the acute transient phase, characterized by changes in the diameter of blood vessels, local vasodilation and increased capillary permeability, followed by a slightly delayed, subacute phase, most prominently characterized by the infiltration of leukocytes and phagocytic cells, and a chronic proliferative phase, in which tissue degeneration and fibrosis occur. Many different mechanisms are involved in the inflammatory phases, but each of the classical inflammatory signs, dolor (pain), calor (heat), rubor (redness), tumor (swelling) and functio laesa (dysfunction of the organs involved) can be linked to changes in the microcirculation. The microcirculatory disturbance is one of the main reasons for the organ failure after the induction of inflammation, and it is considered to be based on polymorphonuclear (PMN) leukocyte-endothelial cell interactions and the increased production of reactive oxygen species (ROS) (Granger & Kubes 1994) . Cytokines play a crucial role in the mediation of the inflammatory cascade signals by promoting PMNendothelial cell interactions. In this respect the most important cytokine is tumor necrosis factor-alpha (TNF-α), which participates in a complex network of interactions in both acute and chronic inflammation (Gross et al. 1991; Niederau et al. 1997) . TNF-α, produced from different types of leukocytes, is the proximal cytokine generated during an inflammatory response; it is capable of activating other cytokines and hence, remaining at the focus of the inflammation, inducing the development of a microcirculatory disturbance and excessive, systemic inflammation (Zhou et al. 2006; Zhou et al. 2008 ).
Microcirculatory consequences of inflammation
The microcirculatory network exhibits morphological and functional changes during the inflammatory response. The best characterized reactions include an impaired vasomotor function, changes in capillary perfusion, cell to cell interactions, activation of the coagulation cascade, and increased vascular permeability (Granger 1999 ). These changes are based on the alterations in autoregulation of the microcirculation by inflammatory mediators.
The impaired microhemodynamics mediates further changes in inflammatory enzymes such as myeloperoxidase (MPO) and xanthine oxidoreductase (XOR), which generate ROS and cause endothelial cell damage. The functional disturbance of these enzymes, together with the activated endothelium causes an imbalance of vasoconstrictor and vasodilator molecules such as ET-1 (Masaki 1989) and NO (Palmer et al. 1987) , evoking secondary changes in microhemodynamics and structural endothelium damage (Granger 1988 ). The increase in the microvascular permeability is one of the most important pathological events in the pathogenesis of inflammation. These pathophysiological events alter the barrier function and can lead to extracellular edema.
The recruitment of inflammatory cells into the perivascular tissue involves a complex cascade mechanism. The adhesion process consists of several steps, beginning with the rolling of the PMNs on the endothelial surface of the postcapillary venules until they have slowed down to such a degree that they stick to the endothelium. At this point, the PMNs are sequestered from the main vascular flow, and firm adherence to the endothelial cells may follow. Subsequently, the PMNs pass an intercellular junction between the endothelial cells and reach the abluminal side.
The most potent mediator of the intrinsic microcirculatory vasoregulation in inflammation is probably NO. This short-acting soluble gas molecule is produced from Larginine by endothelial cells and macrophages by the enzyme nitric oxide synthase (NOS).
Three major isoforms of NOS are known: endothelial NOS (eNOS or NOS1), present in vascular endothelium; neuronal NOS (nNOS or NOS3), present in the discrete neuronal populations; and a cytokine-inducible, calcium/calmodulin-independent isoform (iNOS or NOS2), expressed in various cell types when activated, including macrophages and glial cells . NO is a potent vasodilator and antiadhesive, and has the ability to modulate the vascular permeability (Moncada 1999; Duran et al. 2010 ).
The other important component in microvascular injury is ROS formation. Oxygen-centered radicals may originate from the xanthine/xanthine oxidase system, but infiltrating PMNs also produce ROS . Further, NO can react with the superoxide anion (SOX)
to form peroxynitrite, a potent oxidizing molecule capable of eliciting lipid peroxidation and cellular damage (Beckman 1990; Radi et al. 1991) .
In general, reduced efficacy of the microcirculation results in a malfunction of the nutrient and waste product transport and leads in the long run to tissue damage. A relative lack of NO, together with the extensive release of vasoconstrictor mediators can lead to significant vasoconstriction of the precapillary sphincters, i.e. a considerable proportion of the inflowing blood returns to the venules without passing through the capillaries.
These alterations lead to changes in functional capillary density (FCD) and capillary red blood cell velocity (RBCV), two important parameters that can be determined by intravital microscopy (IVM). The technology allows real-time imaging of the microcirculation and the exact determination of the consequences of inflammation. FCD, an indicator of the quality of tissue perfusion, is defined as the length of red cell-perfused capillaries in relation to the observation area, which accurately describes the decrease in the efficacy of tissue perfusion when the corresponding area is unchanged (Tsai 1995). Precapillary vasoconstriction can also account for the decrease in capillary RBCV, which is determined primarily by the blood flow and the cross-section of the circulatory area. In addition to precapillary vasoconstriction, other factors, such as ROS production, can also contribute to the reduction of RBCV.
Microcirculatory dysfunction in gastrointestinal inflammatory disorders
Simplifying terms, such as an impaired microcirculation, are generally used to describe the microcirculatory dysfunction in pathological conditions. However, this may rather misleadingly suggest that the microcirculatory responses are uniform in nature and similar in extent. In the studies summarized in this thesis, we focused on microvascular changes in experimental models of human inflammatory disorders of the gastrointestinal (GI) tract. In this system, the mucosal layer serves as an important barrier against chemical and bacterial threats from the luminal side and modulates different bidirectional transport processes. Under normal conditions, regulation of the microcirculation is extremely complex and crucial for the transport of O 2 and nutrients in the mucous layer of the GI tract and is therefore necessary for the maintenance of normal mucosal homeostasis, intestinal permeability and the gut barrier function (Foitzik et al. 1999 ). Mucosal perfusion is mainly regulated by the vasodilators NO and prostaglandin I 2 , by the sympathetic nervous system and probably by the potent vasoconstrictor ET-1. Moreover, the arterial baro-and chemoreceptors, cardiopulmonary receptors and afferents from skeletal muscle affect the GI blood flow and blood volume (Hasibeder 2010 providing real-time "optical" biopsy specimens in the GI tract with a very high sensitivity and specificity. It allows targeted biopsies to be taken, potentially improving the diagnostic rate in certain GI diseases. By means of this approach, the cellular and subcellular structures of the connective tissue in the colonic epithelium (surface epithelium and crypts) can examined without physical disruption of the epithelial integrity. Another advantage of this method is that the changes in the microvascular structure and damage occurring in the microvessels can be outlined as well (Kiesslich et al. 2007 ).
Therapeutic, anti-inflammatory possibilities in gastrointestinal disorders
Inflammation-induced microvascular injury can play critical roles in determining New therapeutic ways are Therefore sought, which are efficacious in improving the inflammation process, but with much milder or no side-effects.
The therapeutic possibilities of N-methyl-D-aspartate receptor antagonists
The main excitatory neurotransmitter in the central nervous system (CNS) is glutamate, which is also present in the enteric nervous system (ENS) In vivo, PC is produced via two major pathways. Two fatty acids undergo addition to glycerol phosphate, to generate phosphatidic acid. This is converted to diacylglycerol, after which phosphocholine (the head group) is added to give cytidine 5-diphosphocholine. 
MAIN GOALS
Examination of the local microcirculatory function or a dysfunction within affected tissues is critical to determine the efficacy of therapeutic approaches in inflammatory pathologies. Agents which improve the function of the microcirculation might be more promising therapeutics and more advantageous in clinical practice. In our investigations, we specifically focused on new, possible therapeutic ways which could be efficacious in mitigation of the inflammation process through their microvascular and microcirculatory effects. The main goals were to evaluate the degree of inflammatory activation together with the GI microcirculatory changes in experimental models of colitis, and to test new methods via which to influence such events simultaneously. In this line, our aims were:
1. to evaluate the usefulness of microcirculatory imaging for recognition of the microcirculatory dysfunction and microvessel injuries caused by inflammation in the GI tract in experimental models of IBD;
2. to compare the potential applications of OPS and CLSEM techniques in the GI tract;
3. to develop a new scoring system with which to estimate the rate of microcirculatory changes under experimental conditions;
4. to study the microcirculatory effects and anti-inflammatory properties of NMDAantagonist treatment modalities in experimental colitis;
5.
to examine the anti-inflammatory effects of oral PC treatment regimens on the colitis-induced microcirculatory changes and tissue damage in this condition.
MATERIALS AND METHODS
The experimental protocol was approved by the Ethical Committee for the Protection of Animals in Scientific Research at the University of Szeged and followed the NIH guidelines for the care and use of experimental animals.
Animals
The animals, fed on a normal diet with tap water available ad libitum, were divided into two studies. The experiments in Study I were performed on 32 (280-320 g) male Wistar rats (Series 1), and 32 (280-320 g) male Sprague-Dawley rats (Series 2). In Study II, 48 male
Sprague-Dawley rats were used. The animals were housed in plastic cages in a thermoneutral environment (21±2 °C) with a 12-h dark-light cycle.
Induction of colitis
The animals were deprived of food, but not water, for 12 h prior to the enema. The animals were then returned to their cages and were fed ad libitum with standard laboratory chow.
Surgical preparation
The animals were anesthetized with sodium pentobarbital (50 mg kg -1 bw ip) 1 or 6 days after the enema and placed in a supine position on a heating pad. Tracheostomy was performed to facilitate spontaneous breathing, and the right jugular vein was cannulated with PE50 tubing for fluid administration and Ringer's lactate infusion (10 ml kg -1 h -1 ) during the experiments. A thermistor-tip catheter (PTH-01; Experimetria Ltd., Budapest, Hungary) was positioned into the ascending aorta through the right common carotid artery to measure the cardiac output (CO) by a thermodilution technique. The right femoral artery was cannulated with PE40 tubing for mean arterial pressure (MAP) and heart rate (HR) measurements.
Direct measurements of the microcirculation
Intravital videomicroscopy
The OPS imaging technique (Cytoscan A/R, Cytometrics, Philadelphia, PA, USA) was used for noninvasive visualization of the serosal microcirculation of the colon. This technique utilizes reflected polarized light at the wavelength of the isobestic point of oxy-and deoxyhemoglobin (548 nm). As polarization is preserved in reflection, only photons scattered from a depth of 2-300 µm contribute to image formation. A 10x objective was placed onto the serosal surface of the ascending colon, and microscopic images were recorded with an S-VHS video recorder 1 (Panasonic AG-TL 700; Matsushita Electric Ind. Co. Ltd, Osaka, Japan).
Quantitative assessment of the microcirculatory parameters was performed off-line by frameto-frame analysis of the videotaped images. RBCV (µm s -1 ) changes in the postcapillary venules were determined in three separate fields by means of a computer-assisted image analysis system (IVM Pictron, Budapest, Hungary).
In vivo detection of microvascular damage
The extent of microvascular damage of the distal colon was evaluated with CLSEM (Five1; Optiscan Pty. Ltd., Melbourne, Victoria, Australia) developed for in vivo histology.
This technique is capable of determining the vascular permeability. The analysis was Non-overlapping fields of active areas of disease were processed in TNBS-treated animals and compared with the control group by using a semiquantitative scoring system. The grading was performed with two criteria: 1. the structure of the microvessels (0 = normal, 1 = dye extravasation, but the vessel structure was recognizable, 2 = destruction, and the vessel structure was unrecognizable), 2. edema (0 = no edema, 1 = moderate epithelial swelling, 2 = severe edema).
Detection of inflammatory markers
Preparation of tissue biopsies
Tissue biopsies kept on ice were homogenized in phosphate buffer (pH 7.4) containing
Tris-HCl (50 mM, Reanal, Budapest, Hungary), EDTA (0.1 mM), dithiotreitol (0.5 mM), phenylmethylsulfonyl fluoride (1 mM), soybean trypsin inhibitor (10 µg ml -1 ) and leupeptin (10 µg ml -1 , Sigma-Aldrich GmbH, Steinheim, Germany). The homogenate was centrifuged at 4 °C for 20 min at 24 000 g (Amicon Centricon-100, Millipore Corporation, Bedford, MA, USA). Tissue nitrite, nitrate and nitrotyrosine and XOR activity were determined in the supernatant, while MPO activity was measured in the pellet of the homogenate.
Tissue MPO activity
The activity of MPO as a marker of tissue leukocyte infiltration was measured on the pellet of the homogenate by the modified method of Kuebler et al, (Kuebler et al. 1996) .
Briefly, the pellet was resuspended in K 3 PO 4 buffer (0.05 M; pH 6.0) containing 0.5% hexa-1,6-bis-decyltriethylammonium bromide. After three repeated freeze-thaw procedures, the material was centrifuged at 4 °C for 20 min at 24,000 g and the supernatant was used for MPO determination. Subsequently, 0.15 ml of 3,3',5,5'-tetramethylbenzidine (dissolved in DMSO; 1.6 mM) and 0.75 ml of hydrogen peroxide (dissolved in K 3 PO 4 buffer; 0.6 mM)
were added to 0.1 ml of the sample. The reaction led to the hydrogen peroxide-dependent oxidation of tetramethylbenzidine, which could be detected spectrophotometrically at 450 nm (UV-1601 spectrophotometer; Shimadzu, Kyoto, Japan). MPO activities were measured at 37 °C; the reaction was stopped after 5 min by the addition of 0.2 ml of H 2 SO 4 (2 M) and the resulting data were referred to the protein content.
Tissue XOR activity
The XOR activity was determined in the ultrafiltered, concentrated supernatant by a fluorometric kinetic assay based on the conversion of pterine to isoxanthopterine in the presence (total XOR) and absence (xanthine oxidase activity) of the electron acceptor methylene blue (Beckman et al. 1989 ).
Measurement of tissue NO products
Nitrite and nitrate (NO x ), stable end-products of NO, were determined in the colonic homogenate by the Griess reaction. This assay depends on the enzymatic reduction of nitrate to nitrite, which is then converted into a colored azo compound detected spectrophotometrically at 540 nm. Total NO x was calculated and expressed as µmol Figure   1 ).
In the second part of Study I (Series 2), the animals were also allotted to 4 groups (n = 8 in each group). The experimental set-up was identical on day 6 in the subacute phase of TNBS colitis in this series. Group 5 was the control group, while in groups 6-, 7-and 8 colitis was induced. The hemodynamic measurements were started 6 days following the TNBS enema. The animals in groups 7 and 8 received KynA or SZR-72, respectively.
In Series 1, the animals in groups 1-4 were anesthetized 1 day after the TNBS enema;
in Series 2, the animals of groups 5-8 were anesthetized 6 days after colitis induction. Surgery was performed to allow registration of the hemodynamic parameters at 1-h intervals for 6 h (CO data were measured only at the end of the experiments). IVM was performed at the end of the experiments to visualize the serosal microcirculation 3 cm distal from the cecum.
Additionally, CLSEM was performed to examine the changes in microvasculature of the mucosa of the distal colon. At the end of the experiments, full-thickness tissue samples were taken to determine the colonic MPO and NOS activities in Series 1, and the tissue MPO activity and plasma NO x level in Series 2 (the protocol is summarized in Figure 1 ). 
Experimental protocol, Study II
In the first part of the studies, 24 animals were randomly allocated into 3 groups.
Group 1 (n = 8) served as sham-operated controls; the animals received enemas with the solvent for TNBS (25% ethanol in a total volume of 0.25 ml) and were nourished with standard laboratory chow. The group 2 animals (n = 8) were kept on a standard laboratory diet for 6 days and colitis was then induced with a TNBS enema. In group 3 (n = 8), the animals were fed with a special diet (Ssniff Spezialdiäten; Germany) containing 2% PC (1,2-diacylglycero-3-phosphocholine; R45; Lipoid GmbH, Ludwigshafen, Germany) for 6 days prior to the TNBS enema. In these groups, the experiments were started with baseline hemodynamic measurements 1 day after TNBS induction (summarized in Figure 2 ).
The experimental set-up was identical on day 6 in the subacute phase of TNBS colitis.
Group 4 (n = 8) nourished with standard laboratory chow, served as the sham-operated group;
the enema was performed with the solvent of TNBS. In group 5 (n = 8), colitis was induced with the TNBS enema 6 days before the measurements, and these animals were fed with standard laboratory chow. In group 6 (n = 8), colitis was induced with the TNBS enema 6 days before the start of the observations, and the animals were fed with the 2% PC-enriched diet for 3 days before and 3 days after the TNBS enema. The hemodynamic measurements were started 6 days following the TNBS enema (summarized in Figure 2 ).
In Series 1, the animals in groups 1-3 were anesthetized 1 day after the TNBS enema;
in Series 2, groups 4-6 were anesthetized 6 days after colitis induction. Surgery was performed to allow registration of the hemodynamic parameters at 1-h intervals for 6 h (CO data were measured only at the end of the experiments). IVM was performed at the end of the experiments to visualize the serosal microcirculation 3 cm distal from the cecum.
Additionally, CLSEM was performed to examine the changes in microvasculature of the mucosa of the distal colon, and full-thickness tissue samples and venous blood samples were taken to determine the biochemical changes (tissue MPO and XOR activity) in the colon and plasma. 
Statistical analysis
In all studies, data analysis was performed with a statistical software package (SigmaStat for Windows; Jandel Scientific, Erkrath, Germany). 
RESULTS
Study I
Hemodynamics
In Series 1, there were no significant changes in the hemodynamic parameters as compared with the baseline values in the sham-operated group during the observation period.
The CO was significantly higher in the colitis groups than in the sham-operated group, while the MAP and TPR (total peripheral resistance) were significantly lower in the TNBS-treated groups than in the control group (Annex 1, Figures 1-2 Table 1 ).
In Series 2, the carotid artery flow was significantly higher in the colitis group than in the sham-operated group, but there were no significant changes in between-group differences in MAP, CO or TPR under the baseline conditions 6 days after the vehicle enema instillation or colitis induction, before the start of NMDA receptor antagonist treatment. The increased carotid flow was significantly decreased by SZR-72 treatment, but the other macrohemodynamic parameters were not influenced by the administration of the NMDA receptor inhibitors (Annex 4, Table 1 ).
The microcirculation
The RBCV of the serosa was examined as a quantitative marker of the colonic microcirculatory condition. In Series 1, the RBCV was significantly increased in the colitis group as compared with the control group. KynA and SZR-72 both significantly decreased the colitis-induced elevation in RBCV on day 1. However, the SZR-72 treatment was the more effective in decreasing the inflammation-caused RBCV elevation ( Figure 4A ).
Six days after the TNBS enema, the RBCV in the colonic subserosa was significantly increased in the colitis group as compared with the sham-operated control group. KynA administration did not influence this change significantly, while SZR-72 treatment decreased the elevated RBCV by the end of the observation period ( Figure 4B ). 
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. A: Changes in RBCV in the control (shaded squares with a thin continuous line), colitis (black diamonds with a thick line), SZR-72 (empty circles with a thick line) and KynAtreated colitis (empty triangles with a thick line) groups. The box indicates the treatment
Biochemical data
MPO activity
The TNBS enema caused tissue leukocyte accumulation both on day 1 and on day 6 of colitis, as determined via measurement of the MPO activity.
The median MPO activity in the control animals at the end of the observation period in 
NOS activity, tissue NO x levels and tissue nitrotyrosine levels
NOS activity is responsible for the production of NO, an important regulator of the colonic microcirculation. On day 1 of colitis, the TNBS enema resulted in a significant increase in the total NOS activity over the value for the control group. Both of the NMDA antagonist treatments significantly decreased the colonic NOS activity as compared with the nontreated colitis group ( Figure 6A ).
In Series 2, NO x and nitrotyrosine levels were measured. On day 6 of colitis, a significant elevation was observed in the NO x level in the colonic tissue of the colitis group relative to the control group. Both NMDA antagonists decreased the NO x levels to the control level ( Figure 6B ).
The interaction of NO with SOX produces peroxynitrite, which causes the nitration of proteins and amino acid residues such as tyrosine. Whereas NO has a short half-life, the nitrotyrosine epitopes are stable and tend to accumulate in inflammatory surroundings. The nitrotyrosine levels were significantly elevated in the colitis group as compared with the sham-operated group, and both NMDA antagonists effectively decreased the amount of nitrotyrosine in the colonic tissue ( Figure 6C ). 
Colon
In vivo detection of microvessel damage
The colonic microvessels were visualized by FITC-dextran administration and edema formation was determined by topical application of acridine orange dye. In the control groups on day 1 and day 6 of colitis the network of capillaries exhibited a typical honeycomb pattern (M = 0; p25 = 0; p75 = 0.275; Figures 7A and 7E) . In both Series, significant vessel damage was detected by CLSEM. One day after colitis induction, the capillary network was disorganized, the honeycomb pattern had disappeared, and fluorescent dye leakage was observed in several areas of the large intestine. A damaged capillary endothelium with edema formation was generally observed (M = 4; p25 = 3.25; p75 = 4; Figure 7B ). In series 2, TNBS enema caused disorganized capillary network and fluorescent dye leakage in the colon (M = 2; p25 = 1.625; p75 = 2.375; Figure 7F ). After treatment with KynA ( Figure 
Study II
Hemodynamics
There were no significant changes in the hemodynamic parameters as compared with the baseline values in the sham-operated groups during the observation periods. In Series 1,
the MAP values were significantly lower in the colitis group than in the sham-operated group.
PC feeding normalized this elevation (Annex 3, Figure 2A ). CO was significantly higher as compared with the sham-operated group and the PC feeding did not influence the colitisinduced changes in CO as compared with the colitis group (Annex 3, Figure 2B ). There were no significant changes in the HR values in any of the three groups (data not shown).
In series 2, there were no significant differences between the groups in the MAP, CO or HR changes 6 days after the vehicle enema or colitis induction (Annex 3, Figures 2A, B) .
The microcirculation
The RBCV in the subserosa of the colon was significantly increased on days 1 and 6
of colitis as compared with the control groups. PC administration normalized the colitisinduced elevation in RBCV in Series 1, but did not cause a significant reduction of RBCV, in contrast with the colitis group in Series 2 ( Figure 8 ). 
. XOR activity
The mucosal XOR is activated during inflammation processes and produces a considerable amount of SOX radical. The XOR activity was significantly higher 1 and 6 days after colitis induction as compared with the control groups. In both cases, the PC-enriched diet effectively decreased the XOR activity in the large bowel in comparison with the nontreated controls ( Figure 9A ).
MPO activity
The TNBS enema caused tissue leukocyte accumulation in the proximal colon on days 1 and 6, as determined via the MPO activity. In both cases, PC feeding decreased the MPO activity significantly in the large bowel. In Series 2, the MPO activity of the PC-treated group was decreased significantly, in contrast with the colitis group on day 6 and also with the PCpretreated group on day 1 ( Figure 9B ). 
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Figure 9. Changes in XOR activity (A) and MPO activity (B) on day 1 in the control (white box), colitis (checked white box) and PC-pretreated colitis (striped white box) groups
Tissue NO x levels
In the groups with colitis, a significant elevation in NO x level was seen in the colonic tissue relative to the controls on day 1. In series 2, the elevation of NO x was significantly higher in comparison with the control group on day 6. Both PC pretreatment protocols decreased the NO x elevation, in contrast with the nontreated colitis group on day 6, but the NO x level in the PC-treated group in Series 2 remained significantly higher than that in the control group on day 1 ( Figure 10) . 
In vivo detection of microvessel damage
The colonic microvessels were visualized by FITC-dextran administration and the edema formation was determined by the topical application of acridine orange dye. In the control groups, the network of capillaries exhibited a honeycomb pattern (M = 0; p25 = 0; p75 = 0.275; Figures 11A, D) . In Series 1, the confocal microscopic evaluation demonstrated significant tissue damage in acute phases of colitis in contrast with the control groups. The capillary network was disorganized, the honeycomb pattern had disappeared, and fluorescent dye leakage was observed in several areas of the large intestine. A damaged capillary endothelium with edema formation was generally observed (M = 4; p25 = 3.25; p75 = 4; Figure 11B ). PC feeding significantly influenced the structural changes in the microvasculature of the inflamed colonic mucosa on day 1 of colitis. The extents of dye Figure 11C ).
The tissue damage was also pronounced in the case of subacute colitis in contrast with the control groups. Fluorescent dye leakage with edema formation was seen in the capillary network 6 days after the TNBS enema (M = 2; p25 = 1.625; p75 = 2.375; Figure 11E ). By day 6, PC pretreatment prevented the structural changes in the microvasculature of the inflamed colonic mucosa. The histological results indicated decreases in dye leakage and edema (M = 0; p25 = 0; p75 = 0.875; Figure 11F ). 
DISCUSSION
Mapping of a local microcirculatory dysfunction within the inflamed tissues could be a critical factor to determine the therapeutic approaches in the different inflammatory processes.
Therapeutic agents, which improve the function of the microcirculation might be of substantial therapeutic benefit in medical practice. The results of our studies demonstrated significant microcirculatory changes during the acute and subacute phases of TNBS-induced experimental colitis. The therapeutic efficacies of the NMDA receptor antagonist treatments, and pretreatment with oral PC were also evident in our models.
Evidence of circulatory changes in TNBS-induced colitis
The The results of in vivo CLESM analyses revealed a complete disruption of the capillary network and extended dye leakage. These microcirculatory changes were observed in the acute and subacute phases of TNBS-induced experimental colitis.
Significance of NMDA receptor antagonist therapy in circulatory changes
It has been established that the NMDA receptors play a role in the modulation of the These data additionally indicated that treatment with endogenous or synthetic NMDA receptor antagonists commencing 1 day or 6 days after colitis induction reduces the signs of oxidative and nitrosative stress together with the leukocyte activation and effectively modulates the microcirculatory changes of the process. On the other hand, the single use of NMDA antagonists did not alter the morphological changes in the microvessels and was unable to decrease the small vessel permeability.
Significance of PC therapy in circulatory changes
In Study II, we examined the potentially preventive dietary effects of a PC regimen on the microcirculatory and inflammatory changes in the acute and subacute phases of TNBS- revealed the time-dependent differences in injury of the microvasculature and regeneration of the damaged vessels. PC therapy was successful in decreasing the morphologic damage of the microvessels and thereby decreased the vascular permeability.
In conclusion, we have demonstrated that PC feeding effectively modulates the inflammatory processes and normalizes the changes in the microcirculation 1 day and 6 days after colitis induction. A direct beneficial effect of dietary PC supplementation may be the prevention of the injury of the microvessel structure, and the resulting prevention of the elevation of the vascular permeability.
SUMMARY OF NEW FINDINGS
1. The results showed that intravital microcirculatory evaluations with OPS can be used for visualization and quantitative assessment of the microcirculation at the bedside in inflammatory conditions of the GI tract. Similarly, CLSEM can be used to determine the functional and morphological changes of the microvessels and to investigate the microvascular permeability in real time. These intravital imaging techniques may replace the conventional histological methods, because high-resolution histological images could be taken without physical disruption of the observed tissues.
2. Our findings indicate that both microcirculatory examination techniques can be effectively used to monitor the microvascular function. However, it is important to note that neither of them can be replaced by the other; rather, they have a complementary role in microcirculatory examinations. My special thanks are due to all the technical staff at the Institute of Surgical Research for their skillful assistance.
